Background: The viral and host factors involved in transmission of HIV through breastfeeding are largely unknown, and intervention strategies are urgently needed to protect at-risk populations. To evaluate the viral and immunological factors directly related to milk transmission of virus, we have evaluated the disease course of Simian Immunodeficiency Virus (SIV) in lactating rhesus macaques (Macaca mulatta) as a model of natural breast milk transmission of HIV.
Background
Mother-to-infant transmission is the primary cause of HIV-1 infection in children worldwide, with an estimated 700,000 children infected in 2003 [1] . Transmission through breastfeeding accounts for at least one-third of these infections, however it is difficult to differentiate perinatal transmission from early milk transmission [2] [3] [4] . Meta-analysis of several cohorts has estimated that 14% of mothers chronically-infected with HIV transmit virus to their infant through breastfeeding, whereas 29% of women who acquire primary HIV infections during lactation transmit virus to their infants [5] . Since breastfeeding is unavoidable in many countries in which the HIV-1 epidemic is most severe, it is necessary to understand risk factors associated with breast milk transmission and the underlying viral and immunological mechanisms responsible for transmission.
Epidemiological studies of HIV-1 infected women and their infants have identified several risk factors for milk transmission of HIV, as recently reviewed by Read et al [6] . Reduced levels of innate immune factors including lactoferrin, lysozyme and secretory leukocyte protease inhibitor (SLPI), as well as insufficient secretory IgA responses have been associated with higher rates of HIV transmission through milk [7] [8] [9] [10] . Conditions affecting the mucosal epithelium, such as mastitis, and oral candidiasis in the infant, have also been identified as risk factors for milk transmission of HIV [4, [11] [12] [13] . In addition, several studies have shown that longer durations of breastfeeding increase the cumulative risk of milk transmission [3, 4, [14] [15] [16] .
One of the most consistently documented risk factors of mother-to-infant transmission through milk is advanced maternal disease as measured by higher plasma viral loads and lower CD4+ T cell counts [12, [17] [18] [19] . Although this risk factor has been identified in several cohorts, transmission occurs by mothers with a wide range of plasma viral loads and CD4+ T cell counts, and an absolute level of these markers has not been associated with transmission [20] [21] [22] . Longitudinal evaluations of HIV-infected women in a Nairobi clinical trial study have shown that transmission of HIV through milk is associated with higher levels of viral RNA in milk as well as with consistent shedding of virus in milk [23] . Although this study estimated that each log increase in milk viral load doubled the risk of transmission, they were unable to identify a milk viral threshold level required for transmission. The frequency of sampling and constant fluctuations in milk virus levels may explain these observations. The epidemiological findings observed in humans have not been evaluated in an animal model that could allow the identification of viral and host factors directly responsible for transmission through breastfeeding. The SIV infected rhesus macaque has successfully been used as a model of HIV transmission and pathogenesis. Although disease progression is more rapid in macaques infected with SIV than in HIV infected humans, macaques exhibit a similar disease course and succumb to opportunistic infections much the same as infected humans [24] . We have previously reported breast milk transmission of SIV in experimentally infected rhesus macaques (Macaca mulatta) [25] , and in this report, we expand our observations and examine the correlation between milk transmission of SIV and levels of virus in maternal plasma and milk samples, levels of peripheral CD4+ T cells, and titers of SIV-specific antibodies in milk and plasma from 14 lactating macaques.
Results

Outcome of SIV infection of lactating macaques
Fourteen lactating macaques were inoculated intravenously with a pathogenic SIV inoculum, SIV/DeltaB670 [26] , to evaluate mother-to-infant transmission through breastfeeding. Each animal had a suckling infant at the time of inoculation and all mothers were PCR positive for SIV at 7 days post inoculation (p.i.). Mother-infant pairs were monitored daily for clinical signs of disease progression. Infant blood samples were collected weekly for 8 weeks for SIV PCR amplification, followed by biweekly and then monthly testing.
As summarized in Table 1 , 10 of 14 infants became PCR positive for SIV over the course of the study. Two infants were rapidly infected as determined by PCR amplification of SIV sequences from infant PBMCs 14 and 21 days after inoculation of the mothers. The mothers, P173 and T243, were labeled as early transmitters. Two additional infants were identified as SIV-infected at 81 and 84 days post inoculation of the mothers, and six infants were SIV positive at time points ranging from 235-360 days post inoculation. Because these eight mothers transmitted virus at later times points in their disease course, they were labeled as late transmitters. Four infants were consistently SIV-negative by PCR amplification, despite progression of SIV disease and continued lactation in the non-transmitting mothers. Two of these infants repeatedly tested SIVnegative in PBMC for at least 1 year after removal from the dam. The other two of the four SIV-uninfected infants, monkeys CK56 and DP79, were euthanized at the same time point as their mother for reasons unrelated to SIV. PCR and RT-PCR analysis of PBMC, plasma, spleen, lymph node and thymus obtained at the time of necropsy were all negative for SIV.
The age of infants at the time point of maternal inoculation varied from 7 to 54 days (table 1) . Although the ages varied at the time of maternal inoculation and the volume of milk ingested by each infant could not be controlled, associations between infant age, maturity of milk and the timing of transmission could not be identified. The two infants infected early were representative of the range of infant ages, at 7 and 43 days of age at the time of maternal inoculation. The four infants that remained uninfected despite disease progression displayed a similar age distribution at the start of the study at 8, 14, 26 and 54 days of age. Infants classified as late transmission ranged from 7-54 days of age at the start of the study. All females continued to lactate throughout the study period.
Disease course
Each of the 14 mothers developed clinical signs of SIV disease over the one-year study period, which included cachexia, weight loss, diarrhea, lymphadenopathy, and/or pneumonia. The two early transmitters progressed to end stage disease rapidly. Monkey P173 was euthanized 143 days p.i. with end stage disease caused by cytomegalovirus (CMV) infection, and monkey T243 was euthanized 132 days p.i. with interstitial pneumonia. Clinical signs of disease were evident in each of the late transmitting females near the time of transmission, but symptoms varied widely.
The time points of euthanization for late transmitters ranged from 143 to 373 days p.i. Each of the late transmitters was sacrificed with clinical signs of disease at the end of the study period, although end stage disease had not necessarily been reached in all of these monkeys at the time of euthanization. Three of the four non-transmitters progressed to end stage disease during the study period and were sacrificed due to opportunistic infections including disseminated CMV, cryptosporidium, or adenovirus. The fourth non-transmitter (monkey AA26) died suddenly while housed with her infant. Necropsy revealed the cause of death in monkey AA26 to be colitis, but lymphoid hyperplasia and loss of 6% body weight were also evident.
Analysis of CD4+, T cells
To evaluate the level of immunosupression in the mothers, CD4+ T cell counts were determined by flow cytometic evaluation of blood samples on the day of inoculation and at several time points over the course of disease (Figure 1 ), as previously described [27] . At the time of inoculation (day 0), a wide range of CD4+ T-cell counts were found in the females, varying from 600 to over 3000 cells/µl. Two weeks p.i., a decrease in the number of CD4+ T cells was observed in all animals. Cell counts remained at these low levels in the two early transmitters (yellow symbols), but rebounded to varying levels in the other 12 animals. No significant differences in cell counts were observed between non-transmitting and late transmitting mothers at any point in the disease course, with only a few animals dropping to CD4+ T cell counts below 400 cells/ µl at any time point. The ratio of CD4+/CD8+ T cells was also compared in each of the monkeys; however, significant differences were not observed, between the transmission groups (data not shown).
Viral load
Viral RNA levels in plasma and milk were determined by real-time quantitative RT-PCR at several time points throughout the one year study period to evaluate the relationship between viral load and transmission. As shown in Figure 2A , plasma viral RNA loads in each of the mothers peaked two weeks post-inoculation with levels ranging from 1 × 10 6 to 1 × 10 8 copies/ml. Average plasma viral loads at 14 days p.i. were similar for the transmitting and non-transmitting mothers ( Figure 3 ). At 8 weeks p.i., plasma viral loads reached set point levels. The four nontransmitting mothers had average viral loads at set point, ranging from 4 × 10 5 to 6 × 10 6 copies/ml, and similar levels persisted until end stage disease. The eight late transmitters generally had lower plasma viral loads at 8 weeks p.i. than non-transmitters (p = 0.048) ranging from 1 × 10 4 to 2 × 10 6 copies/ml. Plasma viral loads in the late transmitters increased as disease progressed, reaching levels similar to non-transmitters.
Milk viral loads, like plasma, were the highest at 2 weeks p.i. in all of the mothers, ranging from 2 × 10 3 to 4 × 10 5 copies/ml ( Figure 2B ). Viral loads in early transmitters were not significantly higher than other animals at 14 days p.i. (Figure 3 ). Each mother displayed individual patterns of virus shedding in milk throughout the disease course, with many having low (≤50 copies/ml) or undetectable milk viral loads at some time points, while at other time points levels were as high as 1 × 10 4 copies/ml. To evaluate the levels and persistence of virus expression in milk at later time points during the disease course, we compared average milk viral loads as well as the highest milk viral load detected at any time point 12-46 weeks p.i. in each mother. As shown in Table 2 , average and peak milk viral RNA levels in all non-transmitters were below 500 copies/ml during this time, with average viral loads ranging from <50 to 357 viral copies/ml. In contrast, late transmitters had at least one milk sample with more than 500 copies virus/ml and six of the eight late transmitters Transmitters  T243  P173  T802  H327  T364  G627  N007  P168  P403  T182  T722  AA26  P650 P243 Milk samples that could be amplified by PCR, but had values calculated as ≤50 copies RNA/ml (amplifiable but not quantifiable) were indicated as having 50 copies. Samples from which viral RNA could not be amplified were indicated as having 1 copy. Early transmitters are shown in yellow, late transmitters in red and non-transmitters in blue. T243  P173  T802  H327  T364  G627  N007  P168  P403  T182  T722  AA26  P650  P243 B had milk samples with more than 1000 copies/ml over this time period. Peak milk virus levels observed 12-46 weeks p.i. were significantly higher in late transmitting animals than non-transmitters (p = 0.004). Over the same period of time, late transmitters had higher average milk viral loads than non-transmitters (p = 0.028), demonstrating more consistent shedding of virus in milk by late transmitters throughout the disease course.
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SIV Specific Antibody
To evaluate humoral immune responses in SIV-infected females and determine their association with transmission, levels of SIV envelope specific IgG in plasma and milk were determined by ELISA. As shown in Table 3 , peak SIV-specific plasma IgG titers ranging from 1:20,000 to 1:320,000 were found in late transmitter and nontransmitter females, whereas lower titers of ≤1: 5,000 were detected in the two early transmitters. Milk titers of envspecific IgG were 1-3 logs lower than plasma IgG titers in all monkeys, with the two early transmitters again displaying the lowest milk IgG titers (Table 3) . SIV-specific IgA responses in milk were 5-fold lower than IgG titers in milk of all monkeys, with levels ranging from undetectable to 1:10 in early transmitters monkeys T243 and P173, respectively, and varying from 1:10 to 1:500 in all other animals. Low titers, or the absence of virus-specific IgA in milk of HIV-infected women have also been reported [7, [28] [29] [30] [31] [32] . SIV envelope specific plasma IgG, milk IgG, and milk IgA titers remained relatively stable throughout the disease course, including time points near transmission of virus to the infant (data not shown 
Discussion
This study is the first to describe the viral and immunological correlates of breast milk transmission in lactating SIVinfected macaques. Following intravenous inoculation of females, transmission through breastfeeding was observed in 10 of 14 macaque mother-infant pairs. By inoculating mothers after delivery with a highly pathogenic strain of SIV, (SIV/DeltaB670) the viral and immunological parameters related solely to breast milk transmission could be evaluated in the absence of potential in utero and peri-partal transmission. With this model, an accelerated disease course was observed coincident with the period of lactation, and is likely responsible for the high rate of transmission that occurred. Despite acute infection of lactating mothers and the accelerated disease course in this model, transmission to infants was not uniform. Transmission occurred at various time points throughout the period of lactation, while four infants remained uninfected. These results are similar to observations made in HIV-infected women, where infant infection through breastfeeding occurs throughout the course of lactation [19, 33] . This model therefore provides a resource for deciphering the mechanisms involved in breast milk transmission of HIV.
Eight mothers transmitted virus to their infants during the chronic phase of the disease course, at time points ranging from 81 to 360 days p.i. These late transmitting mothers had similar plasma viral loads and similar courses of disease progression as compared to non-transmitting mothers. Transmitting mothers, however, had one or more milk samples with greater than 500 copies of viral RNA/ ml, and expressed higher average milk viral loads than non-transmitters over the chronic stage of disease. These results are consistent with observations in HIV-infected women that higher milk viral loads and consistent shedding of virus in milk correlate with infant infection [23] . Due to frequent longitudinal sampling and the controlled environment provided by the macaque model, this correlate of transmission was more precisely defined in the SIV model than in cohorts of HIV infected women.
Despite disease progression in the mothers, four infants remained uninfected in this study. Each of the non-transmitters continued to lactate and remained housed with their infant until at end-stage disease. Although plasma viral loads and CD4+ T cell counts were similar to those in late transmitting mothers, milk viral loads were less than 500 copies/ml at each time point evaluated. These results suggest that the dynamics of virus expression in milk are critical to infant infection. Macaques that display a profile of high plasma viral load, with low levels of virus expression in milk will be valuable tools for deciphering the viral properties and mechanisms responsible for expression in milk.
While viral levels in milk could be identified as a correlate of transmission during the chronic stage of disease, milk viral loads never returned to levels as high as those observed during peak viremia at 14 days p.i. This implies that multiple factors, in addition to absolute levels of virus are responsible for infant infection through breastfeeding. During the period of acute viremia only two of 14 infants became SIV-infected through breastfeeding, despite exposure to high levels of virus in milk and the absence of SIV-specific immune responses. Viral loads in milk and plasma at 14 and 21 days p.i. were similar in all mothers, as were CD4+ T cell counts. The two early transmitting females, however, progressed to end stage disease rapidly and were found to have lower titers of envelopespecific antibody by day 98 p.i., as compared to the remaining 12 animals. Early transmitters also had the highest plasma virus levels at 56-98 days p.i., failed to recover numbers of CD4+ T cells after the initial loss observed at 14 days p.i., and were euthanized due to endstage disease before 5 months. This profile of rapid disease progression in SIV-infected macaques has been reported and characterized by others [34] [35] [36] .
From these observations it can be hypothesized that the same host responses that are unsuccessful in controlling the initial viremia in the lactating mother are also responsible for transmission of virus to the infant. Similarly, the ability of most infants to resist infection in this experimental model, despite oral exposure to high levels of virus in milk, provides an opportunity to decipher the innate responses that provide protection to the infant.
Breast milk contains numerous factors with antimicrobial and immunomodulatory properties that may affect transmission to the infant and several factors in infant saliva are likely to provide protection against oral virus exposure (reviewed by Kourtis et al.) [37] . Higher levels of secretory leukocyte protease inhibitor (SLPI) in the saliva of infants breast fed by HIV-infected mothers has been correlated with a decreased risk of infection by 1 month of age [38] . Innate protective responses in infant saliva, as well as breast milk were not evaluated in this study due to sample limitations, but should be addressed in future studies with this model.
Titers of envelope specific IgA in milk of SIV-infected macaques were at least five-fold lower than levels of specific IgG in milk. These observations are consistent with those reported in HIV-infected women, where low levels of HIV-specific IgA are commonly found, despite normal levels of total IgA [30] [31] [32] 39] . Although the lack of IgA responses against SIV may contribute to transmission, they cannot be directly responsible, as four infants remained SIV-uninfected despite the lack of maternal envelope-specific IgA and similar levels of SIV-specific IgG. Similarly the levels of SIV specific IgG cannot play a direct role in protection, since late transmitters and non transmitters developed similar titers of envelope specific IgG. Future studies in this model can be designed to address the role of immune evasion in breast milk transmission of virus.
Virus expressed in the cell-associated fraction of milk may also play a key role in transmission, however sample limitations did not allow these analyses in this study. Quantitation of the cell-associated viral load in milk and characterization of the viral genotypes/phenotypes expressed in cell-associated and cell-free fractions of milk may help to define the viral factors responsible for infant infection.
Conclusions
This study has examined the viral and immunological factors associated with transmission of virus through breastfeeding in a group of 14 lactating macaques infected with SIV. Mothers that transmitted virus to their infants through breastfeeding during the chronic phase of the disease course exhibited disease correlates similar to those reported in HIV-infected, transmitting women, and thus supports the use of the SIV-infected lactating rhesus macaque as a model. In this well-controlled experimental model, the main correlate of breast milk transmission could be more precisely defined as the persistence of viral expression in milk and the expression of higher viral levels in milk as compared to non-transmitters. The accelerated SIV disease course in macaques resulted in a high rate of transmission, however four infants remained uninfected despite advanced disease in lactating mothers, modeling the range of outcomes observed in humans. Additionally, our observation of rapid transmission by macaques with a rapid progressor phenotype provides additional insights into the factors responsible for control of primary viremia, and the expression of virus in milk. This model is a valuable tool for the characterization of viral and host mechanisms responsible for transmission of SIV/HIV through breastfeeding and will help elucidate the responses that provide protection from breast milk transmission.
Methods
Animals
Eight female rhesus macaques (Macaca mulatta) were selected for the study 15-54 days after vaginal delivery of normal infants. Six additional females were time mated using exogenous progesterone administration and withdrawal as described previously, [40] . Time-mated females were enrolled in this study 7-9 days after vaginal delivery of normal infants. The fourteen lactating dams were inoculated intravenously with 4 TCID 50 doses of SIV/ DeltaB670, a primary SIV stock amplified on rhesus primary peripheral blood mononuclear cells (PBMC) [26] . Inoculations were performed via cannulation of the saphaneous vein. Lactating females were housed with their infants and observed several times each day for signs of illness and/or maternal neglect. Animals that became moribund were humanely sacrificed. 
Sample collection
Macaques were anesthetized with ketamine hydrochloride (10 mg/kg) just prior to physical exams and sample collection. Infant macaques were anesthetized for exams when they reached 3-4 months of age. Samples of blood (1-8 ml) were collected from the dams and infants weekly for 8 weeks, then biweekly and monthly.
Blood was collected in tubes with EDTA anticoagulant for enumeration of CD4+ T cells by flow cytometric evaluations as described previously [27] . For analysis of virus and antibody titers, blood was collected in acid citrate dextrose anticoagulant and centrifuged at 1550 rpm for 15 minutes. Plasma was removed and stored at -80°C. PBMCs were purified from blood samples using Lymphocyte Separation Medium from ICN (Aurora, OH) and washed with phosphate buffered saline prior to lysis and DNA purification. DNA was isolated from PBMC of cryopreserved tissues using Bio Rad Genomic DNA Isolation kit, and quantified by A 260 measurement. Flow cytometric determination of lymphocyte subsets was performed as described [27] .
Approximately 1 ml of milk was collected by manual expression at the same time points as blood and immediately stored on ice. Milk samples were separated into cellular and supernatant fractions by centrifugation at 1550 rpm for 15 minutes. The fat layer was suctioned off, and supernatant and cellular fractions were stored separately at -80°C.
Reverse Transcription of SIV RNA Viral cDNA was prepared from free virus particles contained in plasma or milk for viral RNA quantitation assays. Virus was purified from the cell-free fraction of milk or blood plasma by centrifugation at 22,000 × g for 1 hour. Viral pellets from 1 ml of sample were solubilized in 1 ml of Trizol Reagent (Life Technologies, Rockville, MD), and RNA was purified as per manufacturer protocols, with the final RNA sample resuspended in 30 µl of water. Reverse transcription (RT) reactions contained 1 × PCR buffer II (50 mM KCl, 10 mM Tris-HCl, Ph 8.3), 5.0 mM MgCl2, 0.5 mM dNTPs, 2.5 uM random hexamers, 10 U Rnase inhibitor 25 U MultiScribe reverse transcriptase and 3 µl of sample RNA (10% of total). Reaction conditions were 15 min. at 42°C, 5 minutes at 95°C, and 5 minutes at 4°C.
Real Time RT-PCR Taq-Man assay
SIV RNA copy number in plasma and milk samples was quantitated by real-time RT-PCR amplification based on a previously described assay [42] that amplifies a region in the SIV LTR using a 7700 ABI PRISM Sequence Detector (Applied Biosystems, Foster City, CA). Virions expressed in milk and plasma were purified and reverse-transcribed to cDNA in a 10 µl total reaction volume as described above. Quantitation reactions were done with duplicate cDNA samples, each prepared from 10% of total sample RNA. The cDNA was added to a PCR master mix containing 5.5 mM MgCl2, 1 × TaqMan buffer A, 0.5 mM dNTPs, 600 mM each of forward and reverse primers, 150 nM of TaqMan probe, and 1.25 U AmpliTaq Gold, yielding a 25 µl total reaction volume. Primer sequences were -5'TTGAGCCCTGGGAGGTTCT3', and 5'GCCAAGTGCTGGTGAGAGTCT3' and Probe -6FAM-AACACCCAGGCTCTACCTGCTAGTGCTG-TAMRA. All reagents were from Applied Biosystems. Following a 10 minute incubation at 95°C, 40 cycles of amplification were performed (94°C for 15 sec., and 60°C for 60 sec.) in a 7700 ABI PRISM Sequence Detector. SIV copy numbers in unknown samples were calculated from a standard curve generated from serial dilutions of a RNA standard amplified in each assay. A plasmid containing SIV LTR sequences (kindly provided by M. Murphey-Corb, University of Pittsburgh) was transcribed in vitro to generate the RNA standard. Purified, standard RNA was quantified by A 260 measurements, and based on the calculated extinction coefficient for the transcript sequence/length was serially diluted from 10 7 to O copies. The dilution series was amplified in the real time RT-PCR assay in triplicate for generation of the standard curve. This assay can reliably detect 5 copies of SIV/ml and has a linear dynamic range of 8 logs.
SIV PCR Amplification
For detection of SIV infection in infant and adult macaques, a 480 base pair fragment in the SIV envelope was amplified in a nested PCR assay. In these amplification assays, 1 µg of DNA from PBMC, or cDNA (prepared as described above) was added to a reaction mixture as previously described [40] . First round primers of nucleotides 6709 to 6728 and 7406 to 7385 (numbering from SIVmac239 sequence) were used. Two microliters of the first round reaction were added to a second round of PCR with an internal set of primers of nucleotides 6845 to 6868 and 7327 to 7305(SIVmac239 reference).
SIV-specific antibody titers
SIV specific antibodies were determined by enzyme linked immunosorbent assays (ELISA) as described by Tryphonas et al., [43] with the following modifications. Plates were coated with 3 µg/ml of a recombinant SIVmac239 gp130 (Quality Biologicals, Gaithersburg, MD) diluted in PBS. Blocking was done at 4°C overnight with 4% whey and 10% goat serum in PBS. Plasma dilutions started at 1:5000 and were serially diluted four fold. Milk was initially diluted 1:50 then serially diluted four fold. Peroxidase or biotin conjugated rhesus antisera (0.5 ug/ml) (Rockland Immunochemicals, Inc., Gilbertsville, PA) was added after washing and incubated for 1 hour at room temperature. TMB developing solution (KPL, Gaithersburg, MD) was added and incubated for 3 minutes followed by addition of 1 M H 3 PO 4 to stop the reaction. Absorbance values (at 450 nm) were determined by use of a microplate reader.
Statistical Analysis
Comparisons between viral loads, average viral loads and CD4+ CD3+ cell counts in different groups of macaques were performed by utilizing the non parametric two tailed Mann Whitney U Test. A p-value of <0.05 was considered significant. Viral loads that were detectable but not quantifiable were set at 50 copies/ml. Undetectable viral loads were set at 1 copy.
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